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1
INTERFACE ENGINEERING TO OPTIMIZE
METAL-II-V CONTACTS

FIELD OF THE INVENTION

The present invention relates to I111-V semiconductor field-
effect transistors (FET) devices and more particularly, to
techniques for fabricating self-aligned contacts in I1I-V FET
devices.

BACKGROUND OF THE INVENTION

Due to their favorable electron transport properties, the use
of III-V semiconductor materials (i.e., materials that include
at least one group III element and at least one group V ele-
ment) has been proposed for future generations of metal
oxide semiconductor field-effect transistor (MOSFET)
devices. See, for example, del Alamo et al., “The Prospects
for 10 nm II-V CMOS,” VLSI Technology Systems and
Applications (VLSI-TSA), 2010 International Symposium,
pgs. 166-167 (April 2010) (hereinafter “del Alamo™).

There are, however, some notable challenges associated
with the fabrication of I1I-V FET devices. For instance, with
the aggressive scaling requirements of current CMOS tech-
nology, self-aligned contact schemes with low contact resis-
tance are needed. However, no such techniques currently
exist to achieve these goals. For example, 11I-V FET devices
with self-aligned contacts were demonstrated in Kim et al.,
“Self-aligned metal Source/Drain In Ga,  As n-MOSFETs
using Ni—InGaAs alloy,” IEDM 2010 (hereinafter “Kim”),
however, they resulted in a very large external resistance, i.e.,
38.7 kilo-ohm-micron® (kQum) in the case of In,, 5;Gag, 4, As.
The best contact resistance achieved for In, ;Ga, ,As with
bandgap less than 0.5 electron volt (eV) was 2.73 kQum (see,
e.g., del Alamo), which results in poor performance of 4
microamps per micrometer (LA/um) for 500 nanometer (nm)
devices.

Therefore, improved techniques for producing self-aligned
contacts in I1I-V semiconductor FET devices would be desir-
able.

SUMMARY OF THE INVENTION

The present invention provides techniques for fabricating
self-aligned contacts in III-V semiconductor field-effect tran-
sistor (FET) devices. In one aspect of the invention, a method
for fabricating a self-aligned contact to III-V materials is
provided. The method includes the following steps. At least
one metal is deposited on a surface of the I1I-V material. The
at least one metal is reacted with an upper portion of the 11I-V
material to form a metal-1II-V alloy layer which is the self-
aligned contact. An etch is used to selectively remove any
unreacted portions of the at least one metal. At least one
impurity is implanted into the metal-I1I-V alloy layer. The at
least one impurity implanted into the metal-1II-V alloy layer
is diffused to an interface between the metal-111-V alloy layer
and the I1I-V material thereunder to reduce a contact resis-
tance of the self-aligned contact.

In another aspect of the invention, a method of fabricating
a FET device is provided. The method includes the following
steps. At least one layer of a II1I-V channel material is depos-
ited on a substrate. A gate is formed over the III-V channel
material. Spacers are formed on opposite sides of the gate. At
least one metal is deposited on a surface of the III-V channel
material. The at least one metal is reacted with an upper
portion of the I1I-V material to form metal-I1I-V alloy layers
adjacent to the gate which serve as self-aligned source and
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2

drain contacts of the device. An etch is used to selectively
remove any unreacted portions of the at least one metal. At
least one impurity is implanted into the metal-III-V alloy
layers. The at least one impurity implanted into the metal-
III-V alloy layers is diffused to an interface between the
metal-III-V alloy layers and the III-V material thereunder to
reduce a contact resistance of the self-aligned source and
drain contacts.

In yet another aspect of the invention, A FET device is
provided. The FET device includes at least one layer ofa I11-V
channel material on a substrate; a gate over the I1I-V channel
material; spacers on opposite sides of the gate; metal-11I-V
alloy layers formed in an upper portion of the I1I-V material
adjacent to the gate which serve as self-aligned source and
drain contacts of the device; and at least one implanted impu-
rity at an interface between the metal-111-V alloy layers and
the III-V material thereunder, wherein the at least one
implanted impurity serves to reduce a contact resistance of
the self-aligned source and drain contacts.

A more complete understanding of the present invention,
as well as further features and advantages of the present
invention, will be obtained by reference to the following
detailed description and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a cross-sectional diagram illustrating a layer of a
1I1-V semiconductor material according to an embodiment of
the present invention;

FIG. 2 is a cross-sectional diagram illustrating a metal(s)
having been deposited on the I1I-V semiconductor material
according to an embodiment of the present invention;

FIG. 3 is a cross-sectional diagram illustrating an anneal
having been performed to react the metal(s) with an upper
portion of the III-V material to form a metal-111-V alloy layer
and wherein unreacted portions of the metal(s) are etched
away by selective etch according to an embodiment of the
present invention;

FIG. 4 is a cross-sectional diagram illustrating at least one
impurity such as (but not limited to) Si, Ge and/or Sn having
been implanted into the metal-III-V alloy layer according to
an embodiment of the present invention;

FIG. 5 is a cross-sectional diagram illustrating an anneal
having been used to diffuse the implanted dopants to an
interface between the metal-III-V alloy layer and the under-
lying III-V material according to an embodiment of the
present invention;

FIG. 6 is a cross-sectional diagram illustrating a I[II-V FET
device for which self-aligned contacts with low contact resis-
tance will be formed using the present techniques, the MOS-
FET device having a I1I-V channel material on a substrate and
a gate over the III-V channel material according to an
embodiment of the present invention;

FIG. 7 is a cross-sectional diagram illustrating source and
drain regions having been formed in the III-V channel mate-
rial on opposite sides of the gate according to an embodiment
of the present invention;

FIG. 8 is a cross-sectional diagram illustrating a metal(s)
having been deposited onto the III-V channel material and
then reacted (by annealing) with an upper portion of the I1I-V
channel material forming a metal-I1II-V alloy layer, and
wherein any unreacted portions of the metal(s) are etched
away by selective etch according to an embodiment of the
present invention;

FIG. 9 is a cross-sectional diagram illustrating at least one
impurity such as (but not limited to) Si, Ge and/or Sn having
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been implanted into the metal-III-V alloy layer according to
an embodiment of the present invention;

FIG. 10 is a cross-sectional diagram illustrating an anneal
having been used to diffuse the implanted impurity/impuri-
ties to an interface between the metal-111-V alloy layer and the
underlying I11-V material according to an embodiment of the
present invention;

FIG. 11 is a cross-sectional diagram illustrating another
III-V FET device for which self-aligned contacts with low
contact resistance will be formed using the present tech-
niques, the MOSFET device having a III-V channel material
on a substrate and a gate over the III-V channel material
according to an embodiment of the present invention;

FIG. 12 is a cross-sectional diagram illustrating a metal(s)
having been deposited onto the III-V channel material and
then reacted (by annealing) with an upper portion of the III-V
channel material forming a metal-III-V alloy layer, and
wherein any unreacted portion of the metal(s) are etched
away by selective etch, according to an embodiment of the
present invention;

FIG. 13 is a cross-sectional diagram illustrating at least one
impurity such as Si, Ge and/or Sn having been implanted into
the metal-I1I-V alloy layer according to an embodiment of the
present invention;

FIG. 14 is a cross-sectional diagram illustrating an anneal
having been used to diffuse the implanted impurity/impuri-
ties to an interface between the metal-111-V alloy layer and the
underlying I11-V material according to an embodiment of the
present invention; and

FIG.15is a graph illustrating device performance achieved
using the present techniques according to an embodiment of
the present invention.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

Provided herein are techniques for fabricating self-aligned
contacts in III-V field-effect transistor (FET) devices with
low contact resistance which involve forming the self-aligned
contacts from a metal-I1I-V material alloy and then implant-
ing and diffusing an impurity/impurities (e.g., dopant(s)) to
the metal-111-V alloy/III-V interface to reduce the contact
resistance. A general description of the present techniques for
forming a self-aligned contactto a I1I-V semiconductor mate-
rial will first be presented by way of reference to FIGS. 1-5,
followed by two exemplary device implementations in FIGS.
6-10 and 11-14, respectively, wherein self-aligned contacts
are formed to a I1I-V channel material present in a MOSFET
device.

FIG. 1 is a cross-sectional diagram illustrating a III-V
semiconductor material 102. As will be described in detail
below, in some embodiments presented herein the I11-V mate-
rial contains a single material (gallium arsenide for instance),
while in other embodiments the I1I-V material is composed of
several different materials, e.g., oriented as a stack of layers
with each layer containing a different 11I-V material.

Further, as will be described in detail below, the III-V
semiconductor material may constitute a channel material
used in a MOSFET device. In one exemplary embodiment
presented below, the I11-V channel material is doped in order
to form source and drain regions of the device. In another
exemplary embodiment presented below, the III-V channel
material remains undoped. Thus, as shown in FIG. 1, the I1I-V
semiconductor material 102 may (or may not) be doped
depending on the particular application at hand.

The term III-V semiconductor material (or simply 1II-V
material), as used herein and throughout the following
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description, refers to a material that includes at least one
group I1I element and at least one group V element. By way of
example only, suitable III-V materials include, but are not
limited to, one or more of aluminum gallium arsenide, alu-
minum gallium nitride, aluminum indium arsenide, alumi-
num nitride, gallium antimonide, gallium arsenide, gallium
nitride, indium antimonide, indium arsenide, indium gallium
arsenide, indium gallium nitride, indium nitride, indium
phosphide and combinations including at least one of the
foregoing materials. According to an exemplary embodi-
ment, the I11-V material 102 is indium gallium arsenide (In-
GaAs).

A metal or metals 104 is/are then deposited on the I1I-V
material 102. See FIG. 2. By way of example only, the
metal(s) 104 deposited in this step can include, but are not
limited to, nickel, cobalt, titanium, platinum and combina-
tions including at least one of the foregoing metals. Accord-
ing to an exemplary embodiment, the metal 104 is deposited
using a technique such as (but not limited to) evaporation or
sputtering. The amount of the metal 104 deposited is based on
the thickness of the III-V material 102. Namely, as will be
described in detail below, the metal 104 will be used to form
an alloy (e.g., through annealing) with the III-V material 102
resulting in an interface between the alloy and the remaining
1I1-V material.

Specific exemplary implementations will be described
below, wherein the present techniques are employed to form
self-aligned source and drain contacts in a [1I-V FET device.
In that case, some or even all of the III-V material in the
source and drain regions of the device may be reacted with the
metal to form the alloy. In the situation where the III-V
material is entirely consumed during the alloy-forming pro-
cess, then the above-described interface will be a vertical
interface between the alloy and the III-V material in the
channel region. This specific case is described in further detail
below. However, for the more general embodiment (shown,
for example, in FIGS. 1-5) describing the present techniques,
it is assumed that the alloy is formed using an upper portion of
the [11-V material 102 leaving a remaining portion ofthe I11-V
material below the alloy unreacted, and that the interface is
formed between the alloy and the remaining I1I-V material.
This interface is a horizontal interface between the alloy and
the unreacted I1I-V material, as would be the case of a I1I-V
FET device (as mentioned above, and described below)
where the I1I-V material in the source and drain regions is not
fully consumed in the alloy-forming process. Thus, in the
case of a III-V FET device wherein a portion of the I1I-V
material is left unreacted below the alloy, there is both a
vertical and a horizontal interface present between the alloy
and the unreacted II1-V material. See, for example, FIGS. 8
and 12.

Next, an anneal of the metal 104/the I1I-V material 102 is
performed to react the metal 104 with an upper portion of the
1I1-V material 102 forming a metal-I11-V alloy layer 106. See
FIG. 3. According to an exemplary embodiment, the anneal
using a process including, but not limited to, rapid thermal
annealing (RTA), furnace anneal or laser anneal is performed
at a temperature of from about 60 degrees Celsius (° C.) to
about 800° C. (e.g., from about 80° C. to about 400° C.) for a
duration of from about 1 milli-second to about 2 hours (e.g.,
from about 1 second to about 60 minutes). Any unreacted
metal 104 can be selectively removed, for example, using a
wet etch process. Suitable wet etching processes include, but
are not limited to, hydrochloric acid (HCL), hydrofluoric
acid, piranha (sulfuric acid (H,SO,) and hydrogen peroxide
(H,0,)) or standard RCA clean. This metal deposition and
annealing technique results in the formation of a self-aligned
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contact (i.e., formed without the use of a mask) since the
metal-I11-V alloy layer 106 (the contact) will form only where
the metal 104 is deposited on the I1I-V material 102.

In order to reduce the contact resistance between the metal-
III-V alloy layer 106 (the contact) and the underlying I1I-V
material 102 (e.g., the channel material), an impurity or impu-
rities will be placed at the interface between the metal-I1I-V
alloy layer 106 and the underlying I1I-V material 102. This is
accomplished by first implanting the impurity/impurities into
the metal-1I1-V alloy layer 106. See FIG. 4. The term “impu-
rity” as used herein refers generally to any element or ele-
ments that can be implanted into the metal-I1I-V alloy layer
and diffused to the interface (see below) so as to reduce
contact resistance. Dopants are considered to be one kind of
impurity that can be used in accordance with the present
techniques. By way of example only, in one exemplary
embodiment, a dopant(s) including, but not limited to, silicon
(81), germanium (Ge), tin (Sn) and combinations including at
least one of the foregoing elements, are employed as the
impurity. Other impurities that have the right work function
might also be used. These include, but are not limited to
metals such as Erbium (Er), Ytterbium (Yb), Platinum (Pt)
and combinations including at least one of the foregoing
elements. Shallow implants are used to ensure that the impu-
rity/impurities are confined to the metal-I11-V alloy layer 106.

Next an anneal of the metal-I1I-V alloy layer 106 and the
underlying [1I-V material 102 is used to diffuse the implanted
impurity/impurities to the interface between the metal-111-V
alloy layer 106 and the underlying 1I1I-V material 102. See
FIG. 5. According to an exemplary embodiment, a rapid
thermal annealing (RTA), furnace anneal, dynamic surface
annealing (DSA) or laser spike annealing (LSA) process is
employed. By way of example only, this annealing step is
performed at a low temperature, e.g., from about 300° C. to
about 600° C. (e.g., from about 350° C. to about 450° C.), for
a duration of from about 1 milli-second to about 2 hours, e.g.,
from about 1 second to about 30 minutes. Use of a low
temperature anneal at this phase ensures that there will be at
most negligible diffusion of the impurity/impurities into the
underlying [1I-V material 102. Therefore, the impurity/impu-
rities will accumulate at the interface between the metal-1II-V
alloy layer 106 and the underlying I1I-V material 102. And
beneficially, the low temperature anneal will not degrade
III-V material 102 and gate dielectric (see below). By
implanting the impurity/impurities at the interface between
the metal-I1I-V alloy layer 106 and the underlying I1I-V mate-
rial 102, the contact resistance is greatly reduced (e.g., as
compared to conventional processes, such as those described
in Kim, the contents of each of which are incorporated by
reference herein).

As highlighted above, two exemplary implementations of
the present techniques for forming self-aligned contacts with
low contact resistance will be presented wherein the I11I-V
material serves as a channel material of a FET device. The
first example will be described by way of reference to FIGS.
6-10.

FIG. 6 is a cross-sectional diagram illustrating a I[II-V FET
device (i.e., a FET device wherein the channel material is a
111-V material) for which self-aligned contacts with low con-
tactresistance will be formed using the present techniques. As
shown in FIG. 6, the III-V FET device includes a substrate
602, a III-V material layer that serves as a channel of the
device (hereinafter “III-V channel material 604”) on the sub-
strate 602 and a gate 606 over the I1I-V channel material 604.
In general a FET includes a source region and a drain region
interconnected by a channel (in this case a I1I-V material) and
a gate that regulates electron flow through the channel.
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According to an exemplary embodiment, substrate 602 is a
glass, metal or plastic substrate. Substrate 602 may also be
formed from a semiconducting material such as silicon or
silicon germanium. By way of example only, the substrate
602 has a thickness of from about 100 um to about 600 um,
e.g., about 500 um.

Exemplary III-V materials were provided above. As
described above, the I1I-V material may be deposited as a
single layer (of gallium arsenide for instance), or as a stack of
layers with each layer containing a different I1I-V material.
According to an exemplary embodiment, the III-V channel
material 604 (or materials in the case of multiple layers) is
deposited on the substrate 602 using a chemical vapor depo-
sition (CVD) process such as metalorganic CVD (MOCVD)
or molecular beam epitaxy (MBE) to a thickness of from
about 1 nm to about 5 m.

As shown in FIG. 6, the gate 606 may be separated from the
II-V channel material 604 by an optional gate dielectric.
According to an exemplary embodiment, the gate 606 is a
metal gate (which is made up of a single or multiple metal
layers as is known in the art) and the gate dielectric is a single
layer of a gate dielectric material such as (but not limited to)
hafnium oxide, or alternatively the gate dielectric is made up
of'multiple layers of different dielectric materials. To form the
gate, the gate material is deposited and then standard lithog-
raphy techniques are used to pattern the gate 606. For
example, as shown in FIG. 6, a hardmask is used to pattern the
gate line. As highlighted above, the gate material can be a
metal or metals. Suitable gate metals include, but are not
limited to titanium nitride (TiN), tantalum nitride (TaN),
tungsten (W), gold (Auw), titanium (T1), aluminum (Al), plati-
num (Pt) and combinations including at least one of the fore-
going metals.

As shown in FIG. 6, gate spacers are present on opposite
sides of the gate 606. According to an exemplary embodi-
ment, the spacers can be formed from a nitride material, such
as (but not limited to) silicon nitride. Standard techniques are
employed to form the spacers. For example, the spacer mate-
rial can be blanket deposited over the structure and then
patterned to form the spacers. According to an exemplary
embodiment, the spacers are formed having a thickness t1 of
from about 5 nm to about 30 nm.

In an alternative embodiment presented below, thinner
spacers are employed so as to place the source drain contacts
as close to the channel as possible. One of ordinary skill in the
art would know how to tailor the spacer formation process in
order to obtain spacers of a desired thickness.

Source and drain regions of the device are then formed by
implanting a dopant(s) into the III-V channel material 604
adjacent to/on opposite side of the gate 606. See FIG. 7. By
way of example only, suitable source/drain dopants include,
but are not limited to, silicon (n-type) and carbon (p-type),
wherein the particular dopant employed will depend on the
device being formed (e.g., an n-channel FET or a p-channel
FET, respectively). The implanted dopants can be activated
using an anneal, for example, at a temperature of from about
400° C. to about 1,000° C.

Self-aligned source and drain contacts with low contact
resistance are then formed using the techniques described in
conjunction with the description of FIGS. 1-5, above.
Namely, to begin this contact-formation process, a metal or
metals is/are deposited onto the I1I-V channel material 604 in
the source and drain regions.

As described in detail above, suitable metal(s) deposited in
this step include, but are not limited to, nickel, cobalt, tita-
nium and/or platinum. Suitable metal deposition techniques
include, but are not limited to, an evaporation or sputtering
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technique, such as electron-beam (e-beam) evaporation.
Next, as described above, an anneal is performed to react the
metal with an upper portion of the IT1I-V channel material 604
forming metal-I11-V alloy layers 802 adjacent to the gate. See
FIG. 8. According to an exemplary embodiment, the anneal
using a process including, but not limited to, rapid thermal
annealing (RTA), furnace anneal or laser anneal is performed
at a temperature of from about 60° C. to about 800° C. (e.g.,
from about 80° C. to about 400° C.) for a duration of from
about 1 milli-second to about 2 hours (e.g., from about 1
second to about 60 minutes).

As highlighted above, some or all of the I1I-V material in
the source and drain regions may be reacted with the metal to
form the metal-III-V alloy. The exemplary configuration
wherein only a (top) portion of the III-V material in the source
and drain regions has been reacted with the metal to form the
metal-II1-V alloy is shown in FIG. 8. As shown in FIG. 8, the
result is that a horizontal interface is created between the
metal-1II-V alloy layer and the unreacted III-V material
thereunder, as well as a vertical interface between the metal-
111-V alloy layer and the III-V material in the channel region.
Alternatively, in the case where all of the I1I-V material in the
source and drain regions is reacted with the metal to form the
metal-II1-V alloy (not shown), then only the vertical interface
between the metal-I1I-V alloy layer and the I1I-V material in
the channel region would be present since the metal-III-V
alloy layer would extend down to the substrate in the source
and drain regions.

This metal deposition and annealing technique results in
the formation of a self-aligned contact since the metal-I1I-V
alloy layer 802 (the contact) will form only where the metal is
deposited on the III-V channel material 604. Any unreacted
metal can be removed, for example, using a wet etch process
(such as hydrochloric acid (HCL), hydrofluoric acid, piranha
(sulfuric acid (H,SO,) and hydrogen peroxide (H,O,)) or
standard RCA clean.

In order to reduce the contact resistance between the metal-
III-V alloy layer 802 (the contact) and the underlying I1I-V
material 604 (e.g., the channel material), an impurity/impu-
rities will be placed at the interface between the metal-I1I-V
alloy layer 802 and the underlying I1I-V material 604. This is
accomplished by first implanting the impurity/impurities into
the metal-111-V alloy layer 802. See FIG. 9. As highlighted
above, the term “impurity” as used herein refers generally to
any element or elements that can be implanted into the metal-
111-V alloy layer and diffused to the interface (see below) so as
to reduce contact resistance. Dopants are considered to be one
kind of impurity that can be used in accordance with the
present techniques. By way of example only, in one exem-
plary embodiment, a dopant(s) including, but not limited to,
silicon (Si), germanium (Ge), tin (Sn) and combinations
including at least one of the foregoing elements, is/are
employed as the impurity. Other impurities that have the right
work function might also be used. These include, but are not
limited to metals such as Erbium (Er), Ytterbium (Yb), Plati-
num (Pt) and combinations including at least one of the fore-
going elements. Shallow implants are used to ensure that the
impurity/impurities are confined to the metal-III-V alloy
layer 802.

Next an anneal is used to diffuse the implanted impurity/
impurities to the interface between the metal-I11-V alloy layer
802 and the underlying III-V material 604. See FIG. 10.
According to an exemplary embodiment, a RTA, furnace
anneal, DSA or LSA annealing process is employed. As high-
lighted above, this annealing step is performed at a low tem-
perature, e.g., from about 300° C. to about 600° C. (e.g., from
about 350° C. to about 450° C.), for a duration of from about
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1 milli-second to about 2 hours, e.g., from about 1 second to
about 30 minutes, so as to ensure that there will be at most
negligible diffusion of the impurity/impurities into the under-
lying I1I-V material 604. Therefore, the impurity/impurities
will accumulate at the interface between the metal-111-V alloy
layer 802 and the underlying III-V material 604. By segre-
gating the impurity/impurities at the interface between the
metal-III-V alloy layer 802 and the underlying I1I-V material
604, the contact resistance is greatly reduced (e.g., as com-
pared to conventional processes, such as those described in
del Alamo and Kim, the contents of each of which are incor-
porated by reference herein). The FET device is now com-
plete.

A second example is now provided for forming self-
aligned contacts with low contact resistance wherein the I11-V
material serves as a channel material of a FET device. This
second example will be described by way of reference to
FIGS. 11-14. In this example, Schottky type source and drain
contacts will be formed. Thus source and drain region doping
is not needed (compared for example with FIG. 7, described
above).

FIG. 11 is a cross-sectional diagram illustrating a 11I-V
FET device (i.e., a FET device wherein the channel material
is a III-V material) for which self-aligned contacts with low
contact resistance will be formed using the present tech-
niques. As shown in FIG. 11, the [TI-V FET device includes a
substrate 1102, a III-V material layer that serves as a channel
of the device (hereinafter “III-V channel material 1104”) on
the substrate 1102 and a gate 1106 over the III-V channel
material 1104.

According to an exemplary embodiment, substrate 1102 is
formed from a semiconducting material (or materials consist-
ing of multiple layers of oxides and semiconductor layers)
such as silicon or silicon germanium, or a I1I-V material on an
oxide.

Exemplary III-V materials were provided above. As
described above, the I1I-V material may be deposited as a
single layer (of gallium arsenide for instance), or as a stack of
layers with each layer containing a different I1I-V material.
According to an exemplary embodiment, the channel mate-
rial 1104 (or materials in the case of multiple layers) is depos-
ited on the substrate 1102 using a process such as (but not
limited to) MOCVD or MBE to a thickness of from about 2
nm to about 5 um. Further, as compared with the substrate
employed in the first example (above), the substrate 1104 is
preferably extremely thin. A thin body can eliminate leakage
current from source to drain. According to an exemplary
embodiment, the substrate 1104 has a thickness of less than
10 nm, e.g., from about 2 nm to about 10 nm.

As shown in FIG. 11, the gate 1106 can be separated from
the I1I-V channel material 1104 by a gate dielectric. Accord-
ing to an exemplary embodiment, the gate 1106 is a metal gate
(which is made up of a single or multiple metal layers as is
known in the art) and the gate dielectric is a single layer of a
gate dielectric material such as (but not limited to) hafnium
oxide, or alternatively the gate dielectric is made up of mul-
tiple layers of different dielectric materials. To form the gate,
the gate material is deposited and then standard lithography
techniques are used to pattern the gate 1106. For example, as
shown in FI1G. 11, a hardmask is used to pattern the gate line.
As highlighted above, the gate material can be a metal or
metals. Suitable gate metals include, but are not limited to
titanium nitride (TiN), tantalum nitride (TaN), tungsten (W),
gold (Au), titanium (Ti), aluminum (Al), platinum (Pt) and
combinations including at least one of the foregoing metals.

As shown in FIG. 11, gate spacers are present on opposite
sides of the gate 1106. According to an exemplary embodi-
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ment, the spacers are formed from a nitride material, such as
(but not limited to) silicon nitride. Standard techniques are
employed to form the spacers. For example, the spacer mate-
rial can be blanket deposited over the structure and then
patterned to form the spacers. In this case, since Schottky type
contacts are being formed it is desirable to place the source
drain contacts as close to the channel as possible. Thus, in this
example, the spacers are formed having a thickness t2 of less
than 15 nm, e.g., from about 1 nm to about 10 nm.

Self-aligned source and drain contacts with low contact
resistance are then formed using the techniques described in
conjunction with the description of FIGS. 1-5, above.
Namely, to begin this contact-formation process, a metal or
metals is/are deposited onto the I1I-V channel material 1104
on opposite sides of the gate 1106.

As described in detail above, suitable metal(s) deposited in
this step include, but are not limited to, nickel, cobalt, tita-
nium and/or platinum. Suitable metal deposition techniques
include, but are not limited to, an evaporation technique, such
as electron-beam (e-beam) evaporation, or sputtering. Next,
as described above, an anneal is performed to react the metal
with the III-V channel material 1104 forming metal-III-V
alloy layers 1202 adjacent to the gate. See FIG. 12. According
to an exemplary embodiment, the anneal is performed using a
process including, but not limited to, rapid thermal annealing
(RTA), furnace anneal or laser anneal is performed at a tem-
perature of from about 60° C. to about 800° C. (e.g., from
about 80° C. to about 400° C.) for a duration of from about 1
milli-second to about 2 hours (e.g., from about 1 second to
about 60 minutes).

As highlighted above, some or all of the I1I-V material in
the source and drain regions may be reacted with the metal to
form the metal-III-V alloy. The exemplary configuration
wherein only a (top) portion of the III-V material in the source
and drain regions has been reacted with the metal to form the
metal-II1-V alloy is shown in FIG. 12. As shown in FIG. 12,
the result is that a horizontal interface is created between the
metal-1II-V alloy layer and the unreacted III-V material
thereunder, as well as a vertical interface between the metal-
111-V alloy layer and the III-V material in the channel region.
Alternatively, in the case where all of the I1I-V material in the
source and drain regions is reacted with the metal to form the
metal-II1-V alloy (not shown), then only the vertical interface
between the metal-I1I-V alloy layer and the I1I-V material in
the channel region would be present since the metal-III-V
alloy layer would extend down to the substrate in the source
and drain regions.

This metal deposition and annealing technique results in
the formation of self-aligned contacts since the metal-I11-V
alloy layer 1202 (the contact) will form only where the metal
is deposited on the III-V channel material 1104. Any unre-
acted metal can be removed, for example, using a wet etch
process (such as hydrochloric acid (HCL), hydrofluoric acid,
piranha (sulfuric acid (H,SO,) and hydrogen peroxide
(H,0,)) or standard RCA clean.

In order to reduce the contact resistance between the metal-
1I1-V alloy layer 1202 (the contact) and the underlying I11-V
material 1104 (e.g., the channel material), an impurity or
impurities will be placed at the interface between the metal-
111-V alloy layer 1202 and the underlying I1I-V material 1104.
This is accomplished by first implanting the impurity or
impurities into the metal-I1I-V alloy layer 1202. See FIG. 13.
As highlighted above, the term “impurity” as used herein
refers generally to any element or elements that can be
implanted into the metal-III-V alloy layer and diffused to the
interface (see below) so as to reduce contact resistance.
Dopants are considered to be one kind of impurity that can be
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used in accordance with the present techniques. By way of
example only, in one exemplary embodiment, a dopant(s)
including, but not limited to, silicon (Si), germanium (Ge), tin
(Sn) and combinations including at least one of the foregoing
elements, are employed as the impurity. Other impurities that
have the right work function might also be used. These
include, but are not limited to metals such as Erbium (Er),
Ytterbium (YD), Platinum (Pt) and combinations including at
least one of the foregoing elements. Shallow implants are
used to ensure that the dopants are confined to the metal-111-V
alloy layer 1202.

Next an anneal is used to diffuse the implanted dopants to
the interface between the metal-111-V alloy layer 1202 and the
underlying [1I-V material 1104. See F1G. 14. According to an
exemplary embodiment, a RTA, furnace anneal, DSA or LSA
annealing process is employed. As highlighted above, this
annealing step is performed at a low temperature, e.g., from
about 300° C. to about 600° C. (e.g., from about 350° C. to
about 450° C.), for a duration of from about 1 milli-second to
about 2 hours, e.g., from about 1 second to about 30 minutes,
s0 as to ensure that there will be at most negligible diffusion
of the impurity/impurities into the underlying II1-V material
1104. Therefore, the impurity/impurities will accumulate at
the interface between the metal-111-V alloy layer 1202 and the
underlying I11-V material 1104. By segregating the impurity/
impurities at the interface between the metal-I1I-V alloy layer
1202 and the underlying III-V material 1104, the contact
resistance is greatly reduced (e.g., as compared to conven-
tional processes, such as those described in del Alamo and
Kim, the contents of each of which are incorporated by ref-
erence herein). The FET device is now complete.

FIG. 15 is a graph illustrating device performance achieved
using the present techniques. In FIG. 15, spacing (measured
in micrometers (um)) is plotted on the x-axis and resistance
(R) (measured in ohms) is plotted on the y-axis. As shown in
FIG. 15, devices in which an impurity (in this case a germa-
nium (Ge) dopant was diffused into the interface between the
metal-III-V alloy layer and the underlying I1I-V material
consistently showed lower resistance. Resistance in this
example was measured using Transmission Line Measure-
ments (TLM). TLM is a technique used to determine contact
resistance and sheet resistance. The technique involves mak-
ing a series of metal-semiconductor contacts separated by
various distances (which is the spacing shown in FIG. 15).
Probes are applied to pairs of contacts, and the resistance
between them is measured by applying a voltage across the
contacts and measuring the resulting current. The current
flows from the first probe, into the metal contact, across the
metal-semiconductor junction, through the sheet of semicon-
ductor, across the metal-semiconductor junction again (ex-
cept this time in the other direction), into the second contact.
The resistance measured is a linear combination (sum) of the
contact resistance of the first contact, the contact resistance of
the second contact, and the sheet resistance of the semicon-
ductor in-between the contacts.

As described above, devices with contacts produced using
the present techniques, advantageously exhibit a significantly
reduced contact resistance as compared with conventional
approaches, such as those described in del Alamo and Kim.
By way of example only, in one exemplary embodiment,
devices are produced using the present techniques having
source and drain contacts with a contact resistance of from
about 1x107> ohm cm? to about 1x10™° ochm cm?.

Although illustrative embodiments of the present invention
have been described herein, it is to be understood that the
invention is not limited to those precise embodiments, and
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that various other changes and modifications may be made by
one skilled in the art without departing from the scope of the
invention.

What is claimed is:

1. A method for fabricating a self-aligned contact to a I1I-V
material, the method comprising the steps of:

implanting one or more dopants into the I1I-V material to

selectively form one or more separate and distinct
implanted regions in the III-V material;

after the implanted regions are formed, depositing at least

one metal on a surface of the I1I-V material;

reacting the at least one metal with an upper portion of the

II1-V material to form a metal-1II-V alloy layer within
the implanted regions which is the self-aligned contact,
wherein the metal I1I-V alloy layers formed in the react-
ing step are confined to the implanted regions formed in
the implanting step;

using an etch to selectively remove any unreacted portions

of the at least one metal;

implanting at least one impurity into the metal-111-V alloy

layer, wherein the at least one impurity implanted into
the metal-I1I-V alloy layer is confined to the metal-III-V
alloy layer; and

diffusing the at least one impurity implanted into the metal-

1I1-V alloy layer to an interface between the metal-111-V
alloy layer and the III-V material thereunder to reduce a
contact resistance of the self-aligned contact,

wherein the at least one impurity comprises 1) at least one

dopant selected from the group consisting of silicon,
germanium, tin and combinations comprising at least
one of the foregoing elements, or ii) at least one metal
selected from the group consisting of erbium, ytterbium,
platinum and combinations comprising at least one of
the foregoing metals.

2. The method of claim 1, wherein the III-V material is
selected from the group consisting of aluminum gallium ars-
enide, aluminum gallium nitride, aluminum indium arsenide,
aluminum nitride, gallium antimonide, gallium arsenide, gal-
lium nitride, indium antimonide, indium arsenide, indium
gallium arsenide, indium gallium nitride, indium nitride,
indium phosphide and combinations comprising at least one
of the foregoing materials.

3. The method of claim 1, wherein the at least one metal is
selected from the group consisting of nickel, cobalt, titanium,
platinum and combinations comprising at least one of the
foregoing metals.

4. The method of claim 1, wherein the step of reacting the
at least one metal with the upper portion of the III-V material
comprises the step of:

annealing the at least one metal and the III-V material at a

temperature from about 60° C. to about 800° C. for a
duration of from about 1 milli-second to about 2 hours.

5. The method of claim 4, wherein the at least one metal and
the I1I-V material are annealed at a temperature of from about
80° C. to about 400° C. for a duration of from about 1 second
to about 60 minutes.

6. The method of claim 1, wherein the etch used to selec-
tively remove the unreacted portions of the at least one metal
comprises a wet etching process comprising hydrochloric
acid, hydrofluoric acid, or a combination of sulfuric acid and
hydrogen peroxide.

7. The method of claim 1, wherein the step of diffusing the
at least one impurity to the interface between the metal-111-V
alloy layer and the III-V material comprises the step of:
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annealing the metal-I1I-V alloy layer and the III-V material
at a temperature of from about 300° C. to about 600° C.
for a duration of from about 1 milli-second to about 2
hours.

8. The method of claim 7, wherein the metal-1II-V alloy
layer and the I1I-V material are annealed at a temperature of
from about 350° C. to about 450° C. for a duration of from
about 1 second to about 30 minutes.

9. The method of claim 1, wherein the I1I-V material com-
prises a stack of layers with each of the layers containing a
different one of aluminum gallium arsenide, aluminum gal-
lium nitride, aluminum indium arsenide, aluminum nitride,
gallium antimonide, gallium arsenide, gallium nitride,
indium antimonide, indium arsenide, indium gallium ars-
enide, indium gallium nitride, indium nitride, or indium phos-
phide.

10. A method of fabricating a field-effect transistor (FET)
device, the method comprising the steps of:

depositing at least one layer of a I[1I-V channel material on

a substrate;
forming a gate over the III-V channel material;
forming spacers on opposite sides of the gate;
implanting one or more source and drain dopants into the
II1-V channel material adjacent to the gate to selectively
form separate and distinct implanted regions in the I1I-V
channel material on opposite sides of the gate such that
the implanted regions in the III-V channel material are
separated from one another by a portion of the III-V
channel material beneath the gate;
after the implanted regions are formed, depositing at least
one metal on a surface of the I111-V channel material;

reacting the at least one metal with an upper portion of the
IT1-V material to form metal-III-V alloy layers adjacent
to the gate within the implanted regions which serve as
self-aligned source and drain contacts of the device,
wherein the metal-111-V alloy layers formed in the react-
ing step are confined to the implanted regions formed in
the implanting step;

using an etch to selectively remove any unreacted portions

of the at least one metal;
implanting at least one impurity into the metal-I1I-V alloy
layers, wherein the at least one impurity implanted into
the metal-1I1-V alloy layers is confined to the metal-
1I1-V alloy layers; and

diffusing the atleast one impurity implanted into the metal-
1I1-V alloy layers to an interface between the metal-111-V
alloy layers and the III-V material to reduce a contact
resistance of the self-aligned source and drain contacts,

wherein the at least one impurity comprises 1) at least one
dopant selected from the group consisting of silicon,
germanium, tin and combinations comprising at least
one of the foregoing elements, or ii) at least one metal
selected from the group consisting of erbium, ytterbium,
platinum and combinations comprising at least one of
the foregoing metals.

11. The method of claim 10, wherein the III-V channel
material is selected from the group consisting of aluminum
gallium arsenide, aluminum gallium nitride, aluminum
indium arsenide, aluminum nitride, gallium antimonide, gal-
lium arsenide, gallium nitride, indium antimonide, indium
arsenide, indium gallium arsenide, indium gallium nitride,
indium nitride, indium phosphide and combinations compris-
ing at least one of the foregoing materials.

12. The method of claim 10, wherein the substrate com-
prises a glass, metal or plastic substrate.

13. The method of claim 10, wherein the substrate is
formed from a semiconducting material.
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14. The method of claim 13, wherein the substrate has a
thickness of from about 2 nm to about 10 nm.

15. The method of claim 10, wherein the gate comprises a
metal gate.

16. The method of claim 10, wherein the gate is separated
from the I1I-V channel material by a gate dielectric.

17. The method of claim 10, wherein the spacers have a
thickness of from about 1 nm to about 10 nm.

18. The method of claim 10, wherein the at least one metal
is selected from the group consisting of nickel, cobalt, tita-
nium, platinum and combinations comprising at least one of
the foregoing metals.

19. The method of claim 10, further comprising the step of:

activating the one or more source and drain dopants

implanted into the I1I-V channel material to form doped
source and drain regions of the FET device,

wherein the at least one metal is reacted with only an upper

portion ofthe doped source and drain regions to form the
metal-III-V alloy layer such that a portion of the doped
source and drain regions remains beneath the metal-
1I1-V alloy layer.
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